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Abstract 
This article describes additional computational modules developed for the IAEA energy planning software MESSAGE. These modules are 
intended for multi-objective and robust optimization of deployment scenarios for nuclear energy systems with account for the uncertainties in 
technical and economical parameters. The authors present the results of application of the developed modules for the studies on multi-objective 
optimization of the nuclear energy structures. The developed set of computational modules makes it possible to find a compromise between 
conflicting system factors determining the nuclear energy development, carry out a comparative multi-criteria analysis of development options 
with due account for their evolution, specific features of the nuclear fuel cycle structure and organization as well as the most important 
system constraints. 
Application of the multi-objective and robust optimization methods together with statistical methods for uncertainty assessment may help 
formulate more substantiated judgments about the attractiveness of possible nuclear energy structures by comparing various development 
options. These IAEA based software tools make it possible to determine nuclear energy development strategy options due to a combination 
of conflicting systemic factors taking into account uncertainties in the main technical and economical parameters. 
Copyright © 2016, National Research Nuclear University MEPhI (Moscow Engineering Physics Institute). Production and hosting by 
Elsevier B.V. This is an open access article under the CC BY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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a  Introduction 
Evaluating the efficiency of different directions for im-
provement and optimization of nuclear energy object param-
eters, technologies and structures is a multi-criteria problem
[1–4] . The efficiency of a nuclear energy system (NES) is de-
termined by a wide spectrum of criteria characterizing safety,
resource consumption, financial performance, risks of unau-
thorized proliferation and waste management. In determin-
ing priorities in the development of nuclear technologies and
comparing innovative NESs, it is necessary to consider the∗ Corresponding author. 
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2452-3038/Copyright © 2016, National Research Nuclear University MEPhI (Mo
B.V. This is an open access article under the CC BY-NC-ND license ( http://creationflicting nature of the criteria because an improvement in
ne of the criteria causes, as a rule, a deterioration of values
n the others. 
The limited scope of applied calculation models makes
t difficult to obtain the final result which would determine
he most efficient NES development option since up to now
here has been no widely accepted algorithm or methodolog-
cal approach in this field. A solution to the problem of eval-
ating the efficiency of different directions for improvement
nd optimization of the parameters of nuclear energy objects
nd technologies in a multi-criteria context would make it
ossible to search for coordinated technical, institutional and
tructural solutions, determine compromise system parameter
alues in the context of benefit-risk balance, and carry out
 comparative multi-criteria analysis of possible alternatives
ith a quantitative evaluation of their strengths and weak-
esses. 
To increase the validity of judgments formulated on the ba-
is of calculations, an uncertainty analysis is required. The re-scow Engineering Physics Institute). Production and hosting by Elsevier 
vecommons.org/licenses/by-nc-nd/4.0/ ). 
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s  ults of an individual calculation are not absolutely accurate as
hey always contain uncertainties. Therefore, it seems impor-
ant to determine the interval where the estimated value can
e found which characterizes the system response to changes
n the calculation model parameters within the limits of their
ncertainties. 
There arose a necessity for developing a special set of
ools for studies on the multi-criteria evaluation of NES effi-
iency at the national, regional, and global levels in order to
etermine coordinated development strategies due to a com-
ination of conflicting systemic parameters with account for
ncertainties of the main technical and economical parame-
ers. For the purposes of developing methods, algorithms, and
oftware systems for a multi-criteria efficiency evaluation of
irections for improvement and optimization of the param-
ters of nuclear energy objects and technologies, additional
odules for the IAEA energy planning software MESSAGE
ere developed [5,6] which expand the spectrum for its po-
ential applications. These modules implement multi-objective 
ptimization for the comparison of NES efficiency and as-
essment of uncertainties in the calculation model parameters
hich affect the calculation results. The paper presents a brief
escription of these modules and a demonstration of the cal-
ulation results obtained using the software tools developed
or optimization of NES structures in the context of a multi-
riteria evaluation and uncertainties. 
ethods for multi-objective optimization and uncertainty 
mpact assessment 
Multi-objective optimization is the domain of multiple-
riteria decision-making where the number of options is not
xplicitly given. In each particular case, any possible option
an be found by mathematical modeling. As a rule, the num-
er of possible options is either infinitely large i.e. uncount-
ble (when certain model variables are continuous) or very
arge i.e. countable (when all model variables are discrete). 
A wide spectrum of methods was developed for solving
ulti-objective optimization problems. One of the approaches
o the classification of these methods is based on the ways
f using information about the decision-makers’ preferences.
ccording to this classification, a priori, a posteriori, adap-
ive, and interactive method classes are distinguished [7] . The
ajority of contemporary multiple-criteria decision-making 
ethods are based on the sets of Pareto-optimal solutions. 
Taking into account uncertainties in the technical and eco-
omic parameters and performance features of NES objects
nd technologies, a solution to parameter optimization prob-
ems in a multi-criteria context may increase the validity of
udgments formulated on the basis of performed calculations.
ncertainty accounting may be based on interval algebra,
uzzy sets, as well as probabilistic and Monte-Carlo meth-
ds. 
Application of robust and stochastic optimization methods
8,9] is a promising direction for the development of opti-
ization energy planning models which may help solve a
umber of problems associated with taking account of uncer-ainties within the classic deterministic optimization methods
equiring significant volumes of accurately specified initial
ata, which is near-impossible. In many cases, even a small
ncertainty in the initial data can make a solution to the prob-
em infeasible. 
Both stochastic and robust optimizations are mutually com-
lementary approaches to taking account of data uncertain-
ies in optimization problems, with each of the approaches
ossessing its own merits and demerits. These optimization
ypes make it possible to find solutions which are ‘immune’
o data variations within their uncertainty ranges. In the case
f stochastic optimization, the uncertain data values are as-
umed to be random and following the known distribution
aw. In the case of robust optimization, the law of distribu-
ion of uncertain values is considered to be unknown. The
olution to the stochastic optimization problem will be cor-
ect with a certain probability, whereas, in the case of robust
ptimization, the solution will be optimal and permissible for
ny uncertain data values from the given set. 
To implement the methods of multi-objective optimization
nd account of uncertainties for the dynamic optimization
asks, serial calculations should be carried out with different
ES model variable parameter values. Developing a dynamic
ES model is a separate task which can be solved using a
arge number of available software packages. One of such
ackages used for conducting research in the field of NES
nd NFC is the IAEA software package MESSAGE (Model
or Energy Supply Strategy Alternatives and their General
nvironmental Impacts), a large-scale dynamic system engi-
eering optimization model, developed for middle- and long-
erm energy planning, energy politics analysis and scenario
evelopment [5,6,10] . In the early 2000s, the IAEA launched
 project on providing support to the Member States in the
ractical implementation of the MESSAGE software package. 
or this purpose, a user interface was created for the latest
ersion, MESSAGE V, acquired from the International In-
titute for Applied Systems Analysis (IIASA, Austria). This
nterface allows the users to formulate linear programming
roblems, find optimal solutions, and process the calculation
esults. 
odules for multi-objective optimization and uncertainty 
ccounting within the message software package 
In view of the growing need in the software tools for solv-
ng the optimization problems of NES structures in a multi-
riteria context, in 2009, it was decided to develop additional
odules for multi-objective optimization and uncertainty ac-
ounting within the MESSAGE software package [11] . Six
odules expanding the spectrum for possible MESSAGE ap-
lications were developed and realized as stand-alone soft-
are products. 
A set of basic computational models was developed for
nce-through and closed NFCs (U, U-Pu, U-Pu-Th) within
he MESSAGE package adapted for multi-objective optimiza-
ion problems and material flow calculations in the NFCs of
teady-state and developing NES at the national and global
104 A.A. Andrianov et al. / Nuclear Energy and Technology 2 (2016) 102–107 
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i  levels. These models can be used for solving problems of
multi-objective optimization and assessment of uncertainty
impact on the NES structure. 
Criteria constraints method (CCM) 
As a rule, it is impossible to achieve optimal values si-
multaneously for several indicators. Therefore, as a way out
of this situation, it is suggested to follow the requirement to
maintain a number of indicators at an acceptable level and
send the selected indicator to its extreme value. Constraint
levels are the parameters of the problem. Assigning them
any possible values of the corresponding indicator within the
range from its absolute minimum to absolute maximum val-
ues at the initial feasible solution set, it becomes possible to
obtain all the effective (Pareto non-dominated) solutions. 
In order to implement the criteria constraints method
within the MESSAGE software package, data on a combi-
nation of additional constraints and corresponding constraint
levels should be entered into the developing NES model. It
is not always possible to enter a combination of NES spe-
cific constraints (overall quantities of spent nuclear fuel (SNF)
and fissile materials in the NFC, capacity constraints of sen-
sitive NFC facilities, etc.) integrating different NFC process-
ing operations with different time intervals directly from the
MESSAGE software package due to its original orientation
towards the description of conventional energy systems. Gen-
erating a set of scenarios with different values of constraint
levels becomes a labor-expensive procedure when the MES-
SAGE software package is used. To solve this problem, a
special-purpose CCM module [12,13] was developed for en-
tering necessary changes into the initial model and creating on
its basis a set of scenarios for the criteria constraints method
implementation. 
Pareto set approximation module (ParSAM) 
The reasonable goals method was developed by the RAS
Computer Center research group [7] . This method is based
on visualization of a set of possible (achievable) vectors us-
ing graphical two-dimensional cross-sections. The method is
mainly intended for computationally complex cases of an
infinite number of possible solutions and vectors. One of
the drawbacks of goal programming to be overcome by this
method is that the ideal vector is defined without considering
the actual system capabilities. Therefore, the achievable indi-
cator values, closest as they might to the specified ideal, may
turn out to be far from this value. According to the reason-
able goals method, a set of achievable vectors is offered to
the decision-makers in a visual comprehensible form. Among
these vectors a certain compromise solution can be selected. 
The ParSAM module for the MESSAGE software pack-
age is intended for automation of Pareto sets approximation
and visualization. This module allows the users to formulate
a set of base project linear programming problems based on
the linear criteria convolution method, a solution to which
will correspond to the Pareto optimality condition. The mod-le makes it possible to perform serial calculations according
o the created initial data set, process the calculation results,
nd present them in tabular or graphic form. All initial, inter-
ediate, and final files are compatible with the MESSAGE
le formats, which makes it possible, whenever necessary, to
ake corrections from the package. 
uclear Energy System Interface (NESI) – NES specification
odule 
Although the MESSAGE software package represents a
exible tool for energy system specifications, it is not fully
dapted for the description of NES specific features. The need
or the NFC front-end and back-end services is determined by
he characteristics of nuclear reactor facilities and their fuel
upply. All the other system parameters can be calculated for
nown values of these variables and with a minimum set of
dditional ones. At the same time, in direct operations within
he MESSAGE case, these parameters should be entered inde-
endently, which complicates operations with the model and
reates conditions for the occurrence of errors. For this reason,
he Nuclear Energy System Interface (NESI) was created, as
art of the MESSAGE energy planning software, adapted for
ES descriptions and ensuring more convenient descriptions
f NES components. 
RS method module 
The module affords an opportunity to carry out an uncer-
ainty analysis which is important for increasing the validity
f judgments based on performed calculations. This module
s based on the statistical analysis methods suggested in [14] .
he GRS module makes it possible to determine the interval
here the estimated value will be found which characterizes
he system response to parameter variations within the uncer-
ainty ranges. 
FC module implementing the stochastic approach to taking 
ccount of new technology cost underestimation risks 
One of the drawbacks of the deterministic optimization
odel is the necessity to use point estimations for technolog-
cal characteristics and a number of other important system
arameters. A possible approach to taking account of risks
ssociated with new technology cost underestimation is the
odel suggested in the special MESSAGE stochastic version
hich, however, is limited by the uncertainties accounted in
he capital costs. The main advantage of this approach is the
act that its computation complexity is quite comparable with
hat of the original deterministic model [15] . The RFC mod-
le implements the stochastic approach to taking account of
ncertainties in the costs of NFC goods and services as well
s capital costs for reactor technology. 
obust optimization module (ROM) 
The MESSAGE software package implements a determin-
stic linear optimization model which does not specify the
A.A. Andrianov et al. / Nuclear Energy and Technology 2 (2016) 102–107 105 
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c  nitial data uncertainties. Taking into account that even a
light data variation may significantly affect the solution, there
rises a necessity to provide for the possibility of obtain-
ng a solution which would be ‘immune’ to uncertainties in
he problem parameters. The purpose of robust optimization
ethods is to obtain a solution permissible for the nominal
arameter values or any parameter values within the uncer-
ainty sets [8,9] . The robust optimization method is imple-
ented within the ROM module. 
The described modules provide the opportunity to carry out
 series of calculations based on the initial project, process
he calculation results, and present them in tabular or graphic
orms. All the files of initial data, intermediate and final re-
ults are written in the MESSAGE compatible format which
nsures coordinated functioning of all the software package
odules. 
The developed software tools make it possible to solve
roblems of nuclear energy structure optimization in a multi-
riteria context. This gives an opportunity to search for com-
romises between conflicting system factors which determine
he nuclear energy development, carry out a comparative
ulti-criteria analysis of nuclear energy development options
aking into account the system evolution, specific features of
he NFC structure and organization as well as the most sig-
ificant system constraints and restrictions. 
emonstration of the computational modules application 
esults 
The results obtained in a series of studies on a multi-
riteria comparative analysis of NES efficiency taking account
f the cost data uncertainties show the operability of the de-
eloped computational modules. According to these results,
echnologically diversified NES structures in which several
echnologies are present may produce a synergetic effect in
erms of NES sustainability and performance improvement. 
Fig. 1 shows the structure of a hypothetical Russian NES 
odel. Based on this model, a search for balanced NES struc-ig. 1. Structure of a hypothetical Russian NES with different types of 
odium-cooled fast reactors. 
F
sures was carried out according to a set of conflicting criteria
hich may determine cost-effective NES structures facilitat-
ng natural uranium saving, reducing SNF volumes and pro-
iferation risks associated with fissile materials and capacities
or their production. All the assumptions made in drawing up
he Russian NES hypothetical model (electricity demand, ura-
ium ore resources, NFC specific features, etc.) are described
n [10,16,17] . 
ost-effective natural uranium saving 
Cost-effective NES structures ensuring maximum possible 
ranium saving at the specified level of costs can be obtained
y solving the two-criterion optimization problem with mini-
ization of the ‘total discounted costs’ and ‘total natural ura-
ium consumption’ criteria. The trade-off curve demonstrat-
ng a total discounted cost increase caused by the necessity
or uranium saving can be used for selecting a NES structure
cceptable at the specified level of costs which would en-
ure maximum possible uranium saving. Four NES structure
ptions for different points on the curve are shown in Fig. 2.
ost-effective plutonium management strategies and NES 
tructures compared according to the proliferation risk 
ndicators 
Cost-effective plutonium management strategies can be de-
ermined by solving the optimization problem with minimiza-
ion of the ‘total discounted costs’ and ‘plutonium prolifera-
ion risk index’ (aggregation of different plutonium material
ows with specified weights) criteria. The trade-off curve sat-
sfying the Pareto optimality condition determines additional
osts emerging when it is necessary to involve plutonium inig. 2. ‘Uranium consumption – total discounted costs’ trade-off curve and 
ome NES structures satisfying the Pareto optimality condition. 
106 A.A. Andrianov et al. / Nuclear Energy and Technology 2 (2016) 102–107 
Fig. 3. Trade-off curve and strategies of plutonium management. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4. Alternative profiles and four possible NES structures satisfying the 
Pareto optimality condition for the four-criterion optimization problem. 
Table 1 
NES specifications and LUEC values. 
NES type LUEC (cent/kW-h) 
Unlimited uranium resources, 
one-component NES, once-through NFC 
1.66 ± 0.185 
Limited uranium resources (1.2 million t), 
two-component NES, closed NFC 
1.76 ± 0.143 
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e  energy production for the purposes of mitigating the pluto-
nium proliferation risks ( Fig. 3 ). 
The calculation results show that different NES structures
are comparable in terms of ‘total amount of fissile materi-
als’ and ‘total fissile material production capacity’ indicators.
An improvement in one indicator leads to a deterioration in
the other. Due to the conflicting nature of these criteria, it
becomes impossible to unequivocally conclude which NES
structure and NFC type would be the most promising in terms
of proliferation risk mitigation based only on the evaluation
of material flows without a detailed analysis of proliferation
scenarios taking account of the existing national and interna-
tional non-proliferation support systems. 
Complex cost-effective risk mitigation measures 
In order to define in a general way complex cost-effective
NES structures which may mitigate the associated risks, it is
necessary to examine the problem of multi-objective optimiza-
tion with n criteria characterizing the costs and other criteria
characterizing the system technological aspects and associ-
ated risks. Such balanced NES structures are to be found on
the n -dimensional trade-off surface of non-dominated solu-
tions, where n is the number of criteria and the n -dimensional
trade-off surface represents a generalized trade-off curve for
the two-dimensional case. This surface makes it possible to
determine additional costs associated with the implementation
of complex measures for changing the NES structure in order
to improve the NES efficiency, for instance, by way of re-
ducing uranium consumption, mitigating the risks associated
with proliferation and SNF accumulation. 
A solution to the problem with four criteria characteriz-
ing the total discounted costs, total uranium consumption,
total SNF amounts and capacities for producing fissile ma-
terials are shown in Fig. 4 . The multi-objective optimization
results demonstrate that compromise NES structures balanced
for different costs and risks always have a technologically
diversified structure with different reactor types which canrovide cost-effective risk mitigation measures (ensuring the
aximum possible effect with minimum costs). 
mpact of uncertainties in the specific costs for NFC 
ervices and NPP construction on the levelized costs and 
ES structure 
Table 1 includes the uncertainties in the levelized unit en-
rgy cost (LUEC) values for the complete development pro-
ram of one- and two-component NES calculated with ac-
ount for the uncertainties in the specific costs for NFC ser-
ices and NPP construction based on the data from interna-
ional reference sources [18] for two different NES structures.
he calculations performed using the GRS module demon-
trate that the examined NESs are statistically indistinguish-
ble for the LUEC criterion because 90% confidence intervals
f uncertainties in the values of this criterion are overlapped
or the examined NESs. Therefore, it is impossible to make
 clear judgment about the potential of any given NES for
he used economic indicator taking into account the existing
ncertainties in the cost data. 
Application of the RFC and ROM modules within the
ESSAGE software package shows that the NES deployment
trategies resulted from stochastic and robust optimization sat-
sfy the technological diversification requirement without any
xternal constraints added to the model. In this case, the NES
A.A. Andrianov et al. / Nuclear Energy and Technology 2 (2016) 102–107 107 
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 tructures include a larger number of reactor technologies as
ompared with the NES structures resulted from the deter-
inistic approach. In addition, they are more stable towards
ariations in the main model parameters. The strategies ob-
ained within the stochastic approach are economically more
cceptable as compared with the strategies obtained within
he deterministic approach. 
onclusions 
Application of multi-objective and robust optimization 
ethods together with statistical methods for uncertainty as-
essment within analytical studies on optimization of NES
eployment strategies provides the possibility of formulating
ore substantiated and balanced judgments about the attrac-
iveness of possible NES structures due to taking account of
ll factors which produce both positive and negative effects
n the NES deployment in the comparison of various devel-
pment options. The developed computational modules based
n the MESSAGE software package make it possible to deter-
ine compromise NES development strategies due to a com-
ination of conflicting system factors and taking account of
ncertainties in the main technical and economical parameters
f a system. 
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